of the Hyp. A significant proportion of rhamnogalacturonan-associated sugars co-solubilized and co-purified along with the extensin fragments following the trypsinization. By sodium dodecyl sulfate gel electrophoresis and gel filtration, the glycopeptides fel1 into two classes. One class contained distinctly sized molecules with relative molecular weights in the range of 4,000 to 24,000. The other class did not enter the resolving gel and was hetero-disperse. After complete deglycosylation by a 0°C anhydrous hydrogen fluoride treatment, the first class was little affected i n i t s electrophoretic mobility, whereas the larger heterogeneous material mostly entered the separating gel. After further trypsinization of the deglycosylated peptides and analysis by capillary zone electrophoresis, the peptides i n both size classes were shown to contain the sequences described above. From our observations we suggest that cotton extensin becomes insolubilized into cell walls in part by pectinprotein cross-links in addition to the protein-protein (or proteinphenolic-protein) cross-links that have been repeatedly suggested.
Extensin, a major hydroxyproline (Hyp)-rich glycoprotein in walls of cultured cells of dicotyledonous plants, i s very difficult to solubilize. To learn about the nature of the insolubilization, we have tested the ability of a variety of selective hydrolytic methods, and combinations of them, to liberate extensin or fragments of extensin from suspension-culture cell walls. After the complete deglycosylation of cotton (Cossypium hirsufum L.) walls, trypsinization solubilized 80% of the Hyp. The sequences of three abundant peptides were: (a) serine-Hyp-Hyp-Hyp-Hyp-Hyp-Hyp-serine-Hyp-Hyp-lysine, (b) serine-Hyp-Hyp-Hyp-Hyp-valine-lysine, and (c) serine-H yp-H yp-serine-alanine-H yp-lysine. After a sequential treatment of walls with endopolygalacturonase, cellulase, -73°C anhydrous hydrogen fluoride solvolysis, and ammonium bicarbonate extraction, only sugars indicative of rhamnogalacturonan I and protein remained insoluble. Trypsin treatment of this residue liberated 50% of the Hyp. A significant proportion of rhamnogalacturonan-associated sugars co-solubilized and co-purified along with the extensin fragments following the trypsinization. By sodium dodecyl sulfate gel electrophoresis and gel filtration, the glycopeptides fel1 into two classes. One class contained distinctly sized molecules with relative molecular weights in the range of 4,000 to 24,000. The other class did not enter the resolving gel and was hetero-disperse. After complete deglycosylation by a 0°C anhydrous hydrogen fluoride treatment, the first class was little affected i n i t s electrophoretic mobility, whereas the larger heterogeneous material mostly entered the separating gel. After further trypsinization of the deglycosylated peptides and analysis by capillary zone electrophoresis, the peptides i n both size classes were shown to contain the sequences described above. From our observations we suggest that cotton extensin becomes insolubilized into cell walls in part by pectinprotein cross-links in addition to the protein-protein (or proteinphenolic-protein) cross-links that have been repeatedly suggested. Extensins appear to be an important structural component in some of the cell walls of dicotyledonous plants (Wilson and Fry, 1986; Cooper et al., 1987; Cassab and Varner, 1988; Showalter, 1993; Kieliszewski and Lamport, 1994) and to be especially significant in plant resistance to pathogens. The most striking features of extensins are their high Hyp content, which usually reflects multiple repeats of the sequence Ser-Hyp,, and their high Ara content, which results from the presence of from one to four arabinofuranose residues linked to the majority of the Hyp residues. Many of the Ser residues are linked to a single Gal residue. Three major approaches have been taken to determine the primary structure of the peptide portion of extensin: (a) Remove Ara residues by treatment of walls with hot 0.1 N HCl, digest with trypsin, and sequence by Edman degradation, for example (Lamport, 1980) . (b) Obtain cDNA clones from the plant and infer the sequence of the protein from the nucleotide sequence (Showalter, 1993) . This approach has the drawback that posttranslational modifications, i.e. hydroxylation of Pro to Hyp and glycosylation, cannot be directly inferred from the nucleotide sequence. (c) Isolate extensin polypeptides before they are covalently incorporated into the wall, deglycosylate by HF solvolysis, digest with trypsin, and sequence by Edman degradation, for example (Smith et al., 1986) . The second and third approaches have shown convincingly that there is often more than one extensin sequence being expressed and, thus, that the sequences determined by the first approach may not a11 have come from the same protein.
To understand the role these proteins play in cell-wall function, we are attempting to determine how extensin interacts with the other cell-wall components in cotton (Gossypium hirsutum L.) suspension cultures. Previous investigations have suggested that extensin is cross-linked to pectins via a P-3,6-linked galactan (Keegstra et al., 1973; Mort, 1978) and that extensins are cross-linked directly t o each other via isodityrosine linkage (Cooper and Varner, 1983; Fry, 1986) . Only fairly weak or indirect evidence is available to support either of these suggestions. We hope to be able to clarify the situation by solubilizing and isolating Plant Physiol. Vol. 108, 1995 any covalent cross-links to extensins by selectively cleaving extensins and any polymers to which they are attached. By determining which polymers need to be cleaved to solubilize the protein, we will be able to predict what enzymes pathogens would need to overcome the added resistance to penetration of the walls induced by the incorporation of extensin during plant resistance responses.
MATERIALS A N D METHODS

Preparation of Cell Walls
Cell walls were obtained from suspension-cultured cotton (Gossypium hivsutum L. cv Acala 44) cells (Ruyack et al., 1979) . Suspension cultures were started by adding 3 to 4 g of callus in the late logarithmic phase from agar medium to 125-mL culture flasks containing 50 mL of Schenk and Hildebrandt liquid medium. After about 2 weeks (late logarithmic phase) the cells were harvested by filtration. Cell walls were prepared using the method described by Komalavilas and Mort (1989) .
Compositional Analysis
Carbohydrate compositions were determined by GLC analysis of the trimethylsilyl methyl glycosides. Methanolysis and derivatization were performed using the protoco1 of Chaplin (1982) as modified by Komalavilas and Mort (1989) . The trimethylsilyl sugar derivatives were separated on a fused silica capillary column (30 m X 0.25-mm i.d., Durabond-1 liquid phase; J & W Scientific Inc., Rancho Cordova, CA) installed in a Varian (Sunnyvale, CA) 3300 gas chromatograph equipped with an on-column injector.
Amino acid compositions were determined as described by Heinrikson and Meredith (1984) . An amount of protein adequate to produce approximately 500 pmol of each amino acid was hydrolyzed in 200 pL of 6 N HCl (sequanal grade, Pierce) at 110°C for 18 to 24 h. The resulting amino acids were derivatized with phenylisothiocyanate and separated by HPLC on a LiChrosorb C,, column (E. Merck, Darmstadt, Germany).
Hyp was determined colorimetrically by the procedure of Drozdz et al. (1976) .
HF Treatments
Samples of 10 mg or more were treated with HF at carefully controlled temperatures using the apparatus described by Mort (1983) . However, the reactions were terminated by freezing the HF in liquid N, prior to the addition of cooled ether to ensure that at no time was there uncomplexed HF in contact with the sample at a temperature higher than the prescribed reaction temperature (Qi et al., 1993) . When samples of less than 1 mg were to be completely deglycosylated, they were treated in the custom-made Kel-F vials as described previously for HF solvolysis of small cellulose-containing samples (Mort and Grover, 1988) .
Digestion with Enzymes
EPG
Dry cell walls were suspended in 50 mM ammonium acetate buffer, pH 5.2, to a concentration of approximately 10 mg/mL and subjected to vacuum infiltration to hydrate the walls. Ten units of EPG, purified as described by Maness and , were then added per gram of walls, and the mixture was incubated at room temperature with gentle stirring overnight. A few drops of toluene were added to the suspension to prevent microbial growth. After digestion, the reaction solution was filtered using an ultrafiltration concentrator with a nylon 66 membrane (Alltech, 0.45 pm) under N, pressure. The residue was washed with 3 volumes of water. Both residue and filtrate were lyophilized.
Cellulase
Samples were suspended in 50 mM ammonium acetate buffer, pH 5.2, to a concentration of approximately 10 mg/mL and digested with 2% (w/w) cellulase (chromatographically purified grade; Worthington Biochemical Co., Freehold, NJ) overnight at room temperature. A few drops of toluene were added. After incubation, the digestion mixture was filtered and washed as above.
Trypsin
Samples, 10 mg wall materials/mL, were treated with porcine pancreatic trypsin (Sigma, type IX), 2% (w/w) in 100 mM NH,HCO, buffer, pH 7.6, at room temperature with gentle stirring overnight. The resulting mixture was subsequently filtered as above.
Amino Acid Sequencing
Approximately 200 nmol of peptide were sequenced on a model 473A amino acid sequencer (Applied Biosystems) according to standard procedures (Hewick et al., 1981) at the Molecular Biology Resource Facility of the William K. Warren Medica1 Research Institute (Oklahoma City, OK).
Hyp Glycoside Profile
Acala 44 cotton cell walls (50 mg) were placed in incubation vials with 3 mL of 0.2 M Ba(OH),. The alkaline hydrolysis was carried out in a heating block at 105°C for 18 h. After cooling, concentrated H,SO, [8 pL for each 1 mL of Ba(OH),] was added into each via1 to adjust the solution to pH 7 to 8. The samples were centrifuged for 15 min at 10,OOOg. The supernatants were freeze dried. The dry samples were redissolved in water (200 pL) and analyzed by Dr. Marcia Kieliszewski at Michigan State University (East Lansing) using the procedure described by Lamport and Miller (1971) . Glycopeptides were treated in the same manner using enough sample to provide approximately 50 pg of Hyp and correspondingly smaller volumes of reagents.
Gel Filtration
Glycopeptides were fractionated on Toyopearl HW 5O(S) from Supelco Inc. (Bellefonte, PA), packed in a stainless steel column (50 X 1 cm) from Alltech Associates, Inc. (Deerfield, IL). The column was equilibrated with 0.1% (v/v) TFA, pH 2.5, with a flow rate of 0.5 mL/min. The peptides were detected by a Beckman modell63 UV monitor at 215 nm. Tryptic peptides were separated on a similar 50-X 1-cm column of Toyopearl HW 40(S) using the same eluent. The eluent was pumped with a Dionex (Sunnyvale, CA) Reagent Pump and the samples were injected via a Valco (Houston, TX) N60 6-port injector.
SDS-PAGE
SDS-PAGE was carried out as described by Laemmli (1970) . The acrylamide concentration in the separating gel was 15%. The samples (50-110 pg of extensin/RG-I fractions or deglycosylated extensin fragments) were run at 195 V for approximately 40 min using a Mini-Protean I1 Dual Slab Cell System (Bio-Rad). The proteins in the gel were stained using the Bio-Rad silver-staining method. The broad-range M, standards (Bio-Rad) were as follows: myosin, M, 200,000; P-galactosidase, M, 116,250; phosphorylase B, M, 97,400; BSA, M, 66,200; ovalbumin, M, 45,000; carbonic anhydrase, M, 31,000; soybean trypsin inhibitor, M, 21,500; lysozyme, M, 14,400; aprotinin, M, 6,500.
Reverse-Phase Chromatography
The tryptic peptides were separated on a Bakerbond wide-pore (300 A) C,, (5 pm) reverse-phase column (4.6 X 250 mm from J.T. Baker) using a Beckman model 334 gradient liquid chromatograph. Solvent A was 0.1% (v/v) TFA, and solvent B was a mixture of 37.5% solvent A and 62.5% acetonitrile. Peptides were eluted with a gradient of consecutive linear segments of increasing acetonitrile concentration: solvent B from O to 30% (v/v) in 60 min and from 30 to 100% (v/v) in 5 min, followed by elution at 100% solvent B for 10 min. Peptides were detected by UV absorption at 215 nm.
CZE
The instrument for CZE was constructed from a Spellman CZE 1000R high-voltage power supply (Spellman High Voltage Electronics Co., Plainfield, NY) and a Linear Instruments (Freemont, CA) model 200 variable-wavelength detector equipped with a cell for on-capillary detection. The detection wavelength was set at 214 nm. The silica capillary dimensions were 50 pm i.d., 360 pm o.d., and 87 cm long. The separation distance (from the anode to the window) was 57 cm. The untreated fused-silica capillary was flushed with 0.1 N NaOH, followed by water, and then the running buffer (0.1 M phosphate, pH 2.35) prior to use. Prior to CZE, the sample was dissolved in water and then introduced into the column hydrostatically by raising the sample vial 1.5 cm above the outlet vial for 15 s. The voltage for electrophoresis was fixed at 25 kV.
LSIMS
The molecular masses of the peptides were determined by LSIMS. The dried sample was dissolved in 2 to 5 p L of either water or methanol, and 1 pL of the solution was mixed with 1 pL of thioglycerol or 3-nitrobenzyl alcohol on a stainless steel target. Spectra were acquired in the positive ion mode on a ZAB2-SE mass spectrometer (VG, Manchester, UK) using 35-kV cesium ion bombardment. Both [M + H]+ and [M + Na]+ ions were observed in most of the cases. The spectral data were manipulated for presentation in graphical form using the program SpectraGraph (West and Mort, 1993) .
RESULTS A N D DISCUSSION
What Must Be Cleaved to Allow Solubilization of Extensin Fragments?
To be able to characterize any extensin/polymer crosslink, it is almost mandatory that a fragment of extensin and the cross-linked polymer be co-solubilized and isolated. (For an exception to this, see Pan [1991] in which solid-state NMR spectroscopy was used to infer cross-links.) We have surveyed a variety of hydrolytic methods to determine the minimum number of bond types that must be cleaved to allow substantial solubilization of extensin as indicated by solubilization of Hyp.
Treatment of cell walls in liquid HF at 0°C breaks a11 of the glycosidic linkages present, with the exceptions of those of amino sugars (which are in very low concentration in cotton cell walls) and those of some nonmethyl esterified GalA residues in homogalacturonans (Knirel et al., 1989; Mort et al., 1989) . After this treatment, the water-insoluble residue of cotton suspension cultures contained 98% of the Hyp present in the initial sample (residue A, Fig. 1 ). After residual homogalacturonan was removed by extraction with 50 mM ammonium acetate buffer, pH 5.2, the extensin was still insoluble within the cell-wall residue (residue B, Fig. 1 ). Digestion of this residue with trypsin solubilized 80% of the Hyp (filtrate C, Fig. 1 ). The major Hyp-rich peptides solubilized by trypsin after the 0°C HF treatment were fractionated and in some cases sequenced (see next section) for comparison to peptides solubilized by less degradative methods.
The insolubility of extensin without trypsin treatment (as shown here and as was reported many years ago [Mort and Lamport, 19771) indicates that direct protein-protein or perhaps protein-phenolic-protein cross-links are a key insolubilizing factor. Thus, we expected that proteolysis (or a specific cleavage of as-yet unidentified protein-protein cross-links) would be necessary for extensin solubilization. Clearly, proteolytic digestion is a logical approach for solubilization of extensin (as peptides), but how much of the carbohydrate of the wall must be degraded to allow proteolysis and solubilization? Cross-links to other polymers, encrustations by other polymers, and multiple short sugar side chains, such as the arabinosides on Hyp residues, might also be expected to inhibit extensin solubilization. We have used various permutations and combinations of enzymatic and chemical methods to test their efficiency in solubilizing extensin fragments. The chemical and enzymatic treatments included (a) EPG digestion of homogalacturonans, (b) cellulase digestion of cellulose and xyloglucan, (c) HF treatment at -73°C to selectively cleave furanosyl linkages, (d) HF treatment at 0°C to completely remove sugars from the cell walls, (e) NH,HCO, buffer extraction to remove ionically associated polymers, and (f) trypsin digestion to degrade proteins.
None of the treatments alone liberated significant quantities of extensin ( Fig. 2 ; Table I ). For instance, trypsin digestion of intact walls released only 5% of the Hyp. Relatively small quantities of Hyp (5-10%) were liberated by trypsin after EPG, or cellulase, or a combined EPG and cellulase pretreatment.
The arabinoside side chains attached to Hyp residues of extensin are thought to contribute to the three-dimensional stability of the polyproline I1 polypeptide helix (Van Holst and Varner, 1984; Stafstrom and Staehelin, 1986; Heckman et al., 1988) . It has also been proposed that another role of the Ara side chains on extensin is to protect the wall glycoprotein from proteolysis (Wilson and Fry, 1986) . Qi et al. (1993) have shown that only glycofuranosyl linkages are broken by -73°C HF treatment. Therefore, liquid HF solvolysis at -73°C was used to remove Ara residues from the cotton extensin with minimal degradation of other cell-wall sugar linkages. Four times more Hyp was liberated by trypsin digestion after a -73°C HF pretreatment of cell walls than by trypsin treatment alone. However, most of the Hyp (80%) still remained insoluble. As indicated in the previous paragraph, remova1 of homogalacturonan and hemicellulose\ by a combination of EPG and cellulase increased the yield of Hyp via trypsinization 2-fold compared to trypsinization alone. Adding a -73°C HF pretreatment after EPG and cellulase treatments increased the ability of trypsin to solubilize Hyp to 50%, 5-fold more than an EPG plus cellulase treatment only. Thus, it appears that the arabinosides on the Hyp residues are very effective in protecting the protein from proteolysis. But, in addition, it appears that the other carbohydrate components of the wall also interfere with extensin solubilization. After the most effective series of treatments described above plus extraction with buffer prior to trypsinization, about 48% of the initial Hyp in the cell walls remained insoluble along with about 13% of the sugar (Table I) . Further treatment of the residue (designated E in Fig. 2 ) with HF at 0°C (cleaving a11 remaining glycosidic bonds) released most of the Hyp-containing peptides that had not been solubilized by the previous trypsin digestion. Since the sugars present in the residue E were predominantly those characteristic of pectin (RG-I), this result suggests the existence of covalent, carbohydrate-containing cross-links between extensin and pectin.
Sequences of Cotton Extensin
The peptides (in filtrate C, Fig. 1 ) solubilized from the cell walls after complete deglycosylation in HF at 0°C followed by trypsinization could be fractionated by reverse-phase HPLC (Fig. 3) and gave rise to two major amino acid-containing fractions (I and 11) and many minor peptides. This is what one would expect if the cell wall contained only one or a few extensins, containing repetitive Hyp-rich sequences and an array of more minor, Hyp-poor or non-Hyp-containing proteins. Both of the major frac- tions were rich in Hyp and could be further fractionated by gel filtration on an HW 40(S) column.
Fraction I yielded two size classes of peptides after the gel filtration (Fig. 4) , which we designated P1I and P2I. These were sequenced and found to be quite similar to peptides already isolated from extensins from o t h e r plant species. The sequence of P1I was: Ser-Hyp-Hyp-Hyp-HypHyp-Hyp-Ser-Hyp-Hyp-Lys. The sequence Ser(Hyp), is two Hyp residues longer than the most commonly encountered extensin sequence, Ser(Hyp), (Lamport, 1980; Kieliszewski and Lamport, 1994) . The smaller of the two size classes (P2I) contained two amino acids at positions 4. 5, and 6 and thus must contained at least two similar peptides, P2aI and P2bI. The exact amino acid stoichiometries of the peptides P2aI and P2bI were determined using LSIMS and were verified for P1I. The LSIMS spectra of P1I and P21 are shown in (Cassab and Varner, 1988) , these peptides must, therefore, be repeated several times within the extensins of cotton. The second major fraction (fraction 11) from the reversephase column (representing about 19% of the cell-wall Hyp) was less tractable. Its amino acid composition was similar to that of fraction I except that it contained more Tyr, Phe, and His. Upon HW 406) gel filtration, several broad peaks of AZl5 were obtained (data not shown). The highest molecular weight fraction, eluting just after the void volume, contained the major sequence ?-Hyp-HypHyp-Hyp-Ser-Hyp-Ser-Hyp-Hyp-Hyp-Hyp-?, which corresponds very well with sequences found in tomato walls (Epstein and Lamport, 1984) , but also contained other minor sequences. We do not know why some positions in the sequence could not be identified. The smaller peptides could not be assigned major sequences because of too many amino acids being present at each cycle of the sequencing. To be able to detect the characteristic peptides (PlI, P2a1, P2bI) and the peptides in fraction I1 with high sensitivity and certainty, we determined their behavior upon CZE. The first major fraction (fraction I) from reverse-phase HPLC yielded four major peaks upon CZE (Fig. 6A) , one more than accounted for by PII, P2a1, and P2bI. After fractionation of fraction I by HW 406) gel filtration, CZE of P1I gave rise to the major peptide (now designated PlaI) and a minor peptide (PlbI), which we had not detected during the sequencing, with migration times of about 12.5 and 12 min, respectively. P21 gave rise to the two peptides with migration times of about 10.2 and 10.4 min (P2aI and P2b1, migration order unknown). On CZE (Fig. 6B) , the second major reverse-phase HPLC fraction (fraction 11) gave one major peptide (PIII), with a migration time of 15 min, and a few minor peptides. As shown by the electropherogram of the entire mixture of peptides solubilized by trypsin from the O'HF-treated cell walls (Fig. 6 0 , we can see the predominance of the five named peptides.
Placement of the characterized sequences within the complete extensin protein (s) is not yet possible. Matten (1989) found that only a very small amount of Hyp could be solubilized from cotton suspension-culture cell walls by nondegradative methods. Intact extensin could not be obtained. No cDNA or genomic sequences of cotton extensins have been published. Thus, methods 2 and 3 mentioned in the introduction have not yet led to full extensin sequences. We have prepared a cDNA library from cotton suspension cultures (W. Huang and A.J. Mort, unpublished data) and will soon be screening it for extensin sequences.
Cross-Links of Polysaccharides to Extensin
Having verified that there is a considerable amount of protein in cotton suspension-culture cell walls that is similar to the extensins of other plants, we proceeded to characterize the material solubilized via methods designed to maintain polysaccharide-protein cross-links.
As can be seen from Figure 2 , almost 50% of the cell-wall Hyp could be solubilized by trypsinization after the series of specific pretreatments leading to what we designate residue D. Filtrate E was fractionated by size on an HW 50(S) gel filtration column to yield three major size classes (Fig. 7) . Three fractions were pooled as fraction A (from tubes 18-28) in the void volume, B (from tubes 38-52) in the fractionation range, and C (from tubes 53-60) in the range near the included volume. Analysis of the amino acids and sugars in fractions A, B, and C are shown in Table 11 . These analyses are presented as nanomoles of each component per milligram of glycopeptide so that the stoichiometeries between amino acids, i.e. Ser and Hyp, and sugars, i.e. Gal and Ara, can be easily seen. Fractions A, B, and C contained 15, 23, and 8% of the original cell-wall Hyp, respectively. Fraction A, designated as extensin/RG-I complexes, contained a high concentration of sugars characteristic of RG-I-like polymers, i.e. GalA and Rha. Fraction B contained a much smaller amount of RG-I-like sugars but was rich in Ara and Gal. Fraction C contained very little sugar.
From the results of the previous section with walls treated with HF at O"C, we saw that trypsin cleaved deglycosylated extensin into small fragments. However, fractions A and B appeared from their gel filtration behavior to have higher masses, >4000 D, when compared to globular protein standards. These large sizes might be explained in part by inhibition of proteolysis by glycosylation. Lamport et al. (1973) found that remova1 of the Hyp-arabinosides was necessary for good release of peptides by proteolysis. Despite the aim of the HF treatment at -73°C (Fig. 2) being to remove a11 arabinofuranoses from the Hyp residues, it was possible that not a11 Ara residues had been removed and were inhibiting the trypsinization. Qi et al. (1993) found that in some cases furanoses were resistant to the Figure 7 . HW SO(S) gel filtration profile of the glycopeptides released by trypsin from cell walls treated with EPC, followed by cellulase, HF solvolysis at -73"C, and buffer washing (see filtrate E, Fig. 2) .
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-73°C HF treatment. This was investigated by determining the Hyp-arabinoside profiles of the glycopeptides and, in parallel, of the intact cell walls. The proportion of the various Hyp-arabinosides for cotton cell walls, fraction A, and fraction B are given in Table 111 . As found in other dicotyledonous plant species (Lamport and Miller, 1971 ) , Hyp-(Ara), and Hyp-(Ara), predominated in the cell walls of the cotton suspension cultures, contributing 48 and 31 mol% of the Hyp, respectively. Only 12% of the Hyp was unsubstituted and very small amounts of Hyp-(Ara), (4%) and Hyp-Ara, (5%) were found. Fractions A and B showed dramatically increased proportions of Hyp-Ara, and free Hyp and no Hyp-(Ara),, Hyp-(Ara),, or Hyp-(Ara),. The results indicate that the HF -73°C treatment cleaved most of the Ara from the Hyp residues. However, more than 50% of the Hyp contained in both fractions A and B retained a single Ara residue. The residual Ara on the Hyp accounts almost quantitatively for a11 of the Ara in the fractions A and B (Table 11) and is a possible cause of the incomplete trypsinization. Lamport et al. (1973) showed that many of the Ser residues in extensin of tomato are substituted with a single galactopyranose residue. Since HF at -73°C does not cleave galactopyranosyl linkages, it is not surprising to find substantial amounts of Gal left on the peptides (Table   11 ). For fraction B there is close to a 1:l ratio of Gal to Ser.
However, there is a ratio of about 5:l for Gal to Ser in fraction A, indicating the presence of Gal other than that expected for the singly galactosylated Ser. The single Gal residues are probably not responsible for the inhibition of trypsinization because they were first discovered in tryptic peptides that had N termini of galactosylated Ser residues (Lamport et al., 1973) .
Covalent attachment of RG-I to extensin is indicated by the methods that were necessary to solubilize it and by the range of hydrolytic conditions that did not solubilize the protein. Residue D (Fig. 2) contained almost a11 of the Hyp that was in the original cell walls, but the majority of the sugars remaining were those expected to be found in RG-I (Table I ). The lack of polygalacturonic acid, cellulose, and xyloglucan is not surprising, since enzymes to digest these polymers had been used to generate this residue. About 30% of the initial Rha of the whole cell wall was found in the residue (which accounts for only approximately 11% of the weight of the original walls), but only approximately 15% of the GalA remained. We conclude that some type(s) of association holds the protein and a substantial portion of the RG-I in this water-and buffer-insoluble residue. However, pure trypsin, which should cleave only peptide bonds, solubilized peptides along with RG-I-type sugars, amounting to approximately 2% of the initial wall Rha and 3% of the GalA. We take this as a strong indication that there are covalent linkages between extensin and RG-I. Remova1 of the RG-I remaining in residue E by its complete disruption by HF solvolysis at 0°C solubilized most of the residual extensin, indicating that the protein was linked into residue E by carbohydrate linkages. Figure 8 shows the SDS-PAGE of both glycosylated and deglycosylated forms of fractions A and B (designated in Fig. 7) . We can see that most of the peptides in the glycosylated form of fraction A remained in the stacking gel. Only a small amount migrated into the separating gel and showed five faintly staining low molecular weight peptides. Because of the anomalous behavior of Hyp-rich peptides on SDS gels their molecular weights estimated from comparison with the standards would probably be overestimates (Kieliszewski et al., 1989) . After deglycosylation, most of fraction A migrated into the separating gel. A considerable proportion was converted into low molecular weight peptides that ran with approximately the same mobilities as some of those in fraction B. Another major portion only just entered the resolving gel, giving a broad band at a position corresponding to a M r of approximately 100,000. Both glycosylated and deglycosylated forms of fraction B migrated into the separating gel and were resolved quite well. Several bands (M r 4,000-24,000) were observed in fraction B. After deglycosylation of the material in fraction B, the mobilities of most of the peptides did not change appreciably. This result indicated that fraction B was not heavily glycosylated. However, one peptide of approximately 8000 disappeared and several higher molecular weight peptides appeared. It is likely that the appearance of the higher molecular weight peptides (although not obvious in the stacking gel of glycosylated fraction B) was caused by contamination from fraction A. Another possibility is that the HF treatment induced some artifactual polymerization of the peptides. We hypothesize that the high molecular weight forms in the deglycosylated fraction A contain direct protein-protein or protein-phenolicprotein cross-links and thus can remain large even after the trypsinization and deglycosylation. The low molecular weight forms in the glycosylated fraction A are probably contaminants from fraction B, since A and B were only crudely separated by gel filtration.
SDS-PACE Analysis of Extensin/RG-l Fractions
As mentioned earlier, fraction A contained a high concentration of the RG-I-associated sugars GalA and Rha. This implies that the extensin peptides in fraction A may be cross-linked with RG-I and that the HF treatment at 0°C removed the RG-I, allowing the extensin peptides to migrate into the separating gel. Fraction B contained mainly Ara residues (47.5 mol%) and Gal residues (15.7 mol%), in numbers sufficient to provide one Ara for every two Hyp residues and one Gal per Ser residue. Only small amounts of RG-I-like sugars were in fraction B (GalA, 7.1 mol%; Rha, 3.5 mol%). Since the peptides were only lightly glycosylated, it was not surprising that there was no easily discernible change in mobility after their deglycosylation.
Tryptic Peptide Analysis of Fractions A and B
HF-deglycosylated fractions A and B were subjected to trypsinization, and resulting peptides were separated on a reverse-phase HPLC column (Fig. 9 ). The chromatograms from both A and B were dominated by peptides eluting at the same retention times as fractions I and II from the trypsin hydrolysate of the deglycosylated walls (Fig. 3) . When subjected to capillary electrophoresis, fractions I and II from both fractions A and B were found to contain apparently the same peptides as those obtained from the deglycosylated walls (data not shown). Thus it appears that both fractions A and B contain the Hyp-rich sequences that we had previously characterized.
CONCLUSIONS
As was noted previously (Mort and Lamport, 1977) , complete deglycosylation of cell walls is not sufficient to solubilize the majority of extensin. Thus some form of protein-protein or protein-phenolic-protein cross-link is likely to exist between extensin polypeptides in the cell wall. From data presented here it is apparent that there are also linkages between the pectin of the cell wall and extensin. The evidence for this is listed below:
1. After solubilization of more than 90% of the GalA and the great majority of the hemicellulose and cellulose by enzyme digestion, removal of most Ara residues by HF solvolysis at -73°C, and removal of ionically associated polymers with buffer, nearly 100% of the extensin remained insoluble (residue D, Fig. 2 ). Almost 30% of the original wall Rha also remained insoluble. The majority of the wall Rha is in RG-I and RG-II. All of the RG-II is solubilized by the EPG used to solubilize the homogalacturonic acid (J. An and A.J. Mort, unpublished results), from which we can estimate that approximately one-third of the RG-I remained insoluble.
2. Trypsin, which should cleave only peptide bonds (and some esters), solubilized approximately 2% of the wall Rha along with 50% of the extensin from this residue. The simplest explanation of this is that the protein was holding some of the RG-I in the residue.
3. The Hyp-rich peptides released from this residue by trypsinization (filtrate E, Fig. 2 ) fell into two size classes. Minutes Figure 9 . Reverse-phase chromatography of fractions A and B (Fig. 7) after complete deglycosylation with HF at 0°C and subsequent (second) digestion with trypsin.
The smaller of these (fraction B, Fig. 7 ) appeared to be relatively lightly glycosylated, with residual Ara on the Hyp residues and a single Gal attached to Ser. The larger class (fraction A, Fig. 7) was heavily glycosylated such that the majority did not migrate into the separating gel upon gel electrophoresis. The large peptides contained a high proportion of Rha and GalA, indicative of RG-I, and more Gal and Ara than could be explained by glycosylation like that of the smaller peptides. 4. Complete deglycosylation of the larger peptides dramatically changed their migration on gel electrophoresis but did not affect that of the smaller peptides. This indicates that the sugars were not just noncovalently associated with the peptides, since they had to be depolymerized to allow the peptides to run independently of them.
5 . The 50% of the Hyp that was not solubilized by the trypsin (residue E, Fig. 2 ) could be mostly solubilized by destruction of the remaining RG-I with 0°C HF.
Taken together, these findings convince us that, at least in cotton suspension cultures, there is a covalent linkage between pectin and most or a11 of the extensin that has been incorporated into the cell-wall matrix.
The exact nature of the linkage between the pectin and the protein remains to be determined. It is not likely to be the His-GalA link proposed by Pan (1991) because it is too stable. It is also not likely to be any linkage involving an arabinofuranan because those would have been broken by the HF at -73°C. Two tenable hypotheses would be that the linkage was via a 3,6-linked galactan as suggested by Keegstra et al. (1973) or via a phenolic cross-link from a feruloylated sugar in the pectin to an amino acid in the protein, a suggestion of Brownleader and Dey (1993) .
